1. Introduction {#sec0005}
===============

The mirror neuron system (MNS) is a network of brain regions that are active when individuals perform an action as well as when they observe others perform the same or similar actions. Brain regions that show this pattern of activation include the superior parietal lobe, the inferior parietal lobe/intraparietal sulcus (IPL), superior temporal sulcus (STS), posterior middle temporal gyrus, dorsal premotor, and ventral premotor/inferior frontal gyrus (IFG) ([@bib0030]; [@bib0140]). Because most studies investigating the MNS in humans cannot examine the mirroring properties of specific neurons ([@bib0145]), we use the term MNS to describe the broad network of regions that display similar activity during both action execution and action observation. Since the discovery of single neurons with mirroring properties in non-human primates, the MNS is thought to integrate the performance of actions with the ability to understand others' actions and intentions ([@bib0060]; [@bib0100]; [@bib0185]). However, the function and significance of the MNS has been widely debated ([@bib0120], [@bib0125]; [@bib0220]).

A developmental approach may be particularly useful in providing insight into the function and significance of the MNS ([@bib0065]; [@bib0240]). The abilities to perceive and execute actions improve across childhood ([@bib0020]; [@bib0235]), and recent research suggests that these abilities are related to neural correlates of action observation and action execution ([@bib0025]; [@bib0215]). Investigations that capitalize on these early periods of change can shed valuable light on the function and significance of the MNS by examining (a) the extent of overlap in brain activity for action execution and action observation, (b) how this overlap may be different at later points in development, and (c) how it may be related to developing behavioral abilities to execute and mentally represent action.

Although there is a large corpus of research investigating the location and function of the MNS, most work in this area has been performed in adults and relatively little is known about its development. Recent work in infancy and early childhood suggests that the MNS is present during early development. This work primarily uses EEG mu-rhythm desynchronization over the sensorimotor areas of the scalp as a proxy for MNS activity. Like in adults, infants and children demonstrate similar brain activity (mu-rhythm desynchronization) during action observation and action execution ([@bib0095]; [@bib0135]). Mu desynchronization increases from infancy to adulthood ([@bib0210]). Intriguingly, mu desynchronization seems to be related to motor experience such that infants' motor abilities relate to changes in mu desynchronization when controlling for age ([@bib0025]; [@bib0215]). Moreover, increasing motor experience by training infants in novel actions increases mu desynchronization associated with perception of those actions ([@bib0105]; [@bib0165]). Researchers have also argued that mu desynchronization may be related to infants' representation of others' actions ([@bib0240]). Indeed, 9-month-old infants display mu desynchronization specifically for goal-directed actions ([@bib0205]). Another study found that 7-month-olds showed greater mu desynchronization on trials in which they subsequently imitated the goal-directed behavior of the experimenter ([@bib0070]). Together, these findings suggest developmental changes in the neural system supporting action execution and action observation, and that these changes are related to both motor skills and action understanding from early in development. These findings therefore have intriguing implications for the development and function of the MNS.

An important limitation of the MNS research in infancy and early childhood is that the most commonly used measure---EEG mu-rhythm desynchronization---lacks the spatial resolution to evaluate whether the same neural sources are active during action execution and action observation. As such, it is crucial to investigate the development of the MNS using methods that provide greater spatial resolution such as fMRI. To our knowledge, there are no studies examining the normative development of the neural regions that are active during both action observation and action execution. The inclusion of separable action observation and action execution conditions is necessary for drawing conclusions about MNS activity, given this system is identified by similar activity during action observation and action execution. There are a few fMRI studies examining action observation and/or action execution in children ([@bib0005]; [@bib0155]; [@bib0180], [@bib0175]; [@bib0230], [@bib0225]), but even here, there are few studies examining developmental change ([@bib0195], [@bib0200]).

In general, studies of the neural correlates of action observation find that children and adults activate similar areas when observing object-directed actions ([@bib0005]; [@bib0155]; [@bib0195], [@bib0200]). The areas activated are commonly discussed as the action observation network. The MNS and the action observation network are largely overlapping, but the latter extends further to occipitotemporal areas involved in processing visual information and actions (e.g., biological motion) that are not active during action execution. For instance, similar to studies with adults, children (7--13 years) displayed activation in the dorsal premotor, IPL, STS, fusiform gyrus, and visual association areas when observing object-related hand actions ([@bib0155]). Likewise, the only study examining developmental changes between children (7--15; mean = 11 years) and adults (20--38; mean = 31 years) in the action observation network found that children and adults displayed a similar activation network. However, the children's network was less lateralized to the left hemisphere than adults ([@bib0005]).

The few studies that included action execution and action observation conditions within the same children also find similar networks to the ones in adults, involving IPL, IFG, dorsal premotor as well as occipital areas ([@bib0180], [@bib0175]; [@bib0225]). Importantly, none of these studies involving action execution (with or without action observation) in childhood examined age-related differences in the MNS. Moreover, none of these studies tested for differences in mirroring activity by measuring the extent of the overlap between action observation and action execution conditions. Finally, to our knowledge, no fMRI study with children has examined the functional relevance of the MNS by evaluating the relations between overlapping brain activity for action observation and action execution, and motor skills and/or children's ability to understand or represent other's actions. Thus, the function of the MNS in development is still unclear.

In the present study, we examine, for the first time, the neural areas implicated in action execution and action observation as well as their overlap in children and adults. We employed a novel task in which participants perform and observe the same reach-grasp action, while controlling for overt shifts in attention across conditions, in order to better isolate the brain activity associated with observing and executing actions beyond that associated with domain general attentional demands. By using a surface-based conjunction analysis, we examined which areas display significant activation during both execution and observation. Examining the conjunction on the surface---as opposed to the volume---provides several advantages such as restricting the activation to gray matter, and improving inter-subject alignment and spatial specificity ([@bib0160]). This analysis allowed us to identify the shared cortical regions between action observation and action execution as well as to test for age differences in those regions, thus facilitating better examination of MNS activity and development. We expected greater activation in regions identified as part of the MNS for adults compared to children. Moreover, in order to investigate the functional significance of the MNS in children, we evaluated the relation between the amount of overlap in activation between action execution and observation and indexes of children's motor skills, action representation ability, and age. Based on the infant and adult literature, we hypothesized that the extent of execution-observation overlap would be associated with better motor skills, better action representation abilities, and that the extent of overlap would increase with age.

2. Methods {#sec0010}
==========

2.1. Participants {#sec0015}
-----------------

Twenty-one children (14 females; Mean~age~ = 8.38; SD~age~ = 0.91; Range~age~ = 7.19--9.99 years; 71.4% Caucasian) and 18 adults (14 females; Mean~age~ = 22.93; SD~age~ = 2.58; Range~age~ = 18.97--29.07 years; 77.8% Caucasian) provided fMRI data for this study. Four other children (2 females; Mean~age~ = 7.65; SD~age~ = 0.29; Range~age~ = 7.34--7.94 years; 75% Caucasian) were scanned, but excluded because of excessive motion. Participants were part of a larger study that also included examination of EEG activity associated with the same reach-grasp task. Most participants (81.4%) had their EEG recorded during a prior laboratory visit (mean time between tasks = 5.65; *SD* = 22.09 days) and were selected for an fMRI visit based on successful task completion and usable (artifact-free) EEG data. The reason for participants completing the fMRI visit before the EEG visit was due to scheduling conflicts (i.e., scanner availability or rescheduling). During the EEG visit, participants' behavioral assessment of motor skill and action representation abilities took place. Here, we report on only the fMRI and behavioral data for the sample of children who completed the fMRI assessment. All participants were right handed and free of any neurological or psychiatric disorder. The institutional review board of the University of Maryland approved of all experimental procedures.

2.2. MRI data collection {#sec0020}
------------------------

Imaging data were collected on a 3 T Siemens Tim Trio scanner using a 32-channel head coil. For anatomical localization, high-resolution structural images were collected using a T1-weighted sequence with TR = 1900 ms, TE = 2.32 ms, T1 = 900 ms, voxels of 0.9 mm × .45 mm × 0.45 mm, FoV 230 mm, covering the whole head. For functional data, T2\*-weighted gradient echo planar images (EPI) were collected (TR = 2000 ms; TE = 24 ms, voxel size 3 mm isotropic, 36 slices, flip angle 90 and 117 volumes per run[1](#fn0005){ref-type="fn"}).

2.3. fMRI task {#sec0025}
--------------

We utilized a novel experimental task depicted in [Fig. 1](#fig0005){ref-type="fig"}, in which participants performed three conditions: Action Observation, Action Execution, and Scene Observation (Control). For a graphical representation of the experimental setup in the scanner, see Fig. S1. Participants had an MRI-safe table with two boxes on top of the table. This table was situated across their lap such that they could reach for the appropriate boxes without having to look at the box or move their head. Note the table was only used in the Action Execution conditions. For all conditions participants viewed images on a screen projected to a mirror above the participants' head (as is standard in fMRI set-ups). These images supplied the visual stimulus for all conditions, including the condition in which participants executed their reach/grasp with the real boxes in front of them. Participants had extensive practice with all conditions of the task both in a mock scanner and in the real scanner bore before the data collection began, with careful attention to mastering reaching/grasping while looking at the screen and not the boxes in front of them during the Action Execution condition. In this way, the visual stimulus could be controlled across conditions.Fig. 1Graphical representation of the three task conditions: Action Observation, Action Execution, and Control. Each condition was presented 8 times as a block of 5 consecutive trials for a total of 40 trials per condition or 8 blocks.Fig. 1

For Action Observation, participants viewed a video of an actor's hand executing object-directed grasps of handles and knobs on boxes presented on a screen to the participants. For Action Execution, participants viewed the same boxes, handles, and knobs on the screen, but instead of viewing someone else execute an object-directed grasp, participants executed object-directed grasps of real-life versions of the handles and knobs on boxes situated on a table in front of them, though they kept their gaze on the images of the boxes on the screen (Fig. S1). All participants executed the grasp actions with their right hand (i.e., their dominant hand), and all reach/grasps in the Action Observation condition were performed by an actor's right hand. In the Control condition, participants viewed static images of the same boxes shown in the Action Execution and Action Observation conditions, but with the handles/knobs removed to eliminate the possibility of imagined grasping. Importantly, given the visual stimulus was supplied by the computer screen above participants' heads for all conditions, all three conditions were designed such that they elicited the same shifts in visual attention (see description below), so as to control for the possibility of confounding attentional differences across conditions. Each trial began with a jittered fixation cross (500--1500 ms) to direct initial gaze, followed by the appearance of two boxes (1000 ms) on the screen. A toy then appeared over one of the two screen boxes (500 ms) as an informative cue to indicate which box would be reached for/grasped (either by an actor's hand in the Action Observation Condition, or by the participant who reached and grasped a corresponding real-life box in the Action Execution condition). The experimental event differed depending on trial type (either execute action, observe action, or observe scene).

Specifically, for Action Observation, the actor's hand appeared in the center bottom of the screen for 500 ms and then the actor reached for the previously cued location (1500 ms). Participants were instructed to look at the fixation cross when it appeared, and then to watch the hand reach and grasp the target (previously cued) object. To mimic the visual and attentional shifts associated with the Action Observation condition, for Action Execution, a fixation cross appeared in the center bottom of the screen for 500 ms to orient the participants' attention to the same location of where the actor's hand appeared in the Action Observation Condition. The fixation cross then disappeared and the participant looked to the previously cued box on the screen while they reached for and grasped the corresponding real-life box in front of them (1500 ms). In this way, the visual and attentional experience in the Action Execution condition matched that in the Action Observation condition except in the Execution condition the participant did not observe the action but rather executed it themselves. The Control condition matched the Action Observation and Execution conditions except no action was executed or observed. For this condition, a fixation cross appeared at the center bottom of the screen (500 ms) (just as in the Action Execution Condition). The fixation cross then disappeared and the participants shifted their attention to look at the previously cued box (just as in other conditions). Which box was cued (left or right) as well as which box contained either a knob or a handle was fully counter balanced across trials. Note that handles and knobs each required slightly different grasping actions, which deliberately increased the complexity of the task to keep participants engaged, and critically forced participants to look at the screen to determine the required action, thus controlling their visual experience across conditions. The slightly different grasping actions were not conditions of interest but rather utilized to maintain participants' engagement in the grasp task. As such, all execute trials are analyzed together regardless of the type of grasp.

Trials were presented in blocks of sets of five consecutive trials with the same condition. At the beginning of each block, participants were reminded of which experimental condition they had to perform by receiving instructions to either "Reach" or "Look" (2000-2500 ms[2](#fn0010){ref-type="fn"} ; [Fig. 1](#fig0005){ref-type="fig"}). An experimenter stood beside the participants (next to the scanner bore) to ensure that participants placed their hand in the center of the two boxes upon receiving the "Reach" reminder, and that they kept their hands still in their lap upon receiving the "Look" reminder. The task consisted of a total of 8 blocks or 40 trials per condition divided into 4 functional runs of approximately 4 min. All stimuli were presented using Matlab with the Psychophysics Toolbox extensions, Version 3 (PTB-3) ([@bib0015]; [@bib0130]; [@bib0170]). Participants received an approximately 45-minute training session to ensure that they understood the task and could perform it accurately as well as practice how to complete the task and remain motionless in the scanner. In addition, as noted, most participants (81.4%) completed the same task while EEG data were collected before performing the task in the scanner (Mean time between tasks = 5.65; *SD* = 22.09 days). Results of the EEG study will be reported elsewhere.

2.4. Behavioral tasks {#sec0030}
---------------------

Only children completed the behavioral tasks.

### 2.4.1. Motor skills {#sec0035}

In order to assess the children's motor skills, we used the pegboard task from the Movement Assessment Battery for Children (MABC; [@bib0115]). The test requires the children to pick up a small peg and place it into a small hole (in a grid of holes) as quickly as possible. It is a standard measure of motor skills for this age group. One hand holds the box of loose pegs and the other hand places the pegs, one at a time, into the holes (in any order). Children practice with four pegs. Practice pegs are removed and test data is calculated on 12 pegs. Children first complete practice and test trials by moving pegs with their non-dominant hand, and then complete another practice and test round with their dominant hand. The task requires both speed and accuracy of hand movements to the target, and manipulation of small objects. As stipulated in the MABC manual, the task is scored as the total time (in seconds) it takes children to accurately complete this action (place all the pegs in the holes). As such, faster times represent better motor skills. We utilized the non-dominant hand as it was performed first and it provided more variability than the dominant hand. Children took on average 38.71 s to complete the pegboard task (SD = 8.74, min = 24.72, max = 54.00).

### 2.4.2. Action representation ability {#sec0040}

To evaluate children's ability to represent others' actions, we used a task designed to capture children's ability to mentally represent different hand positions and object-directed hand actions ([@bib0010]). This task has been used in prior childhood assessments of action representation. This task consists of 8 items. For each item, children were asked to pick the hand (out of four possible options) that is in the best shape to grab the handle. Correct responses on each item required understanding of how both body orientation (of the hand in relation to the object) and grasping position (relative positions of fingers, palm, and wrist) should be optimized to grasp differentially shaped and oriented handles. This task was also timed and children were instructed to select their response as fast as they could. Reaction Time (RT) and accuracy are measured. Practice items were presented to ensure task understanding. Given that most children in this age range display high levels of accuracy, we operationalized action representation ability as the sum of the RT to select their responses. As such, faster RTs indicate better action representation ability. Children took on average 39.57 s to complete the action representation task (SD = 9.52, min = 24.06, max = 59.04).

2.5. Data analyses {#sec0045}
------------------

Surface-based fMRI analyses were performed using the Analysis of Functional NeuroImages (AFNI) ([@bib0040]) and surface-mapping (SUMA) programs ([@bib0190]). Cortical surface models were created from the structural MRI data using the automated pipeline from Freesurfer (version 5.1.0 with RedHat 6.3 Linux terminal). This pipeline developed by Dale, Fischl, and colleagues has been widely used and documented elsewhere ([@bib0045]; [@bib0050]; [@bib0075]; [@bib0090], [@bib0080]; [@bib0085]). The output of this pipeline was used by SUMA to generate a 2D mesh surface representation of the brain for each subject. These surface models were aligned to the structural data producing an aligned surface volume.

Before projecting to the surface, the functional time series were preprocessed in the volume domain. The preprocessing steps were slice-timing correction and co-registration of each functional volume and the anatomical volumes to the first volume of the functional timeseries using an affine registration. Six motion parameters (x,y,z and roll, pitch, yaw) were calculated at this step and volumes that displayed excessive motion (\>1 mm framewise displacement) were censored and subsequently excluded from regression analyses. Moreover, runs that contained excessive motion were not utilized in further analyses. Excessive motion consisted of greater than 4 mm total frame displacement across a run or greater than 10% of outlier time points (\>1 mm frame displacement). For three children one run was excluded and for two children two runs were excluded. Although on average children displayed more motion than adults, *t*(37) = 3.39, *p* =  .002, the results presented below remain significant when mean FD is included as a covariate in all analyses to control for average motion.

The preprocessed time series aligned to the individual's surface volume were then projected to a 2D standardized surface mesh (MNI N27, 36,0002 surface nodes per hemisphere) using the participant's own anatomy. Intensities were normalized to a mean of 100. Data were then smoothed on the surface using a 5 mm full-width half maximum Gaussian smoothing kernel. Smoothing was performed on the surface as it has been shown to result in greater spatial accuracy compared to smoothing on the volume where signal from non-adjacent voxels can be smoothed due to the way the cortex is folded (e.g., smoothing across gyri).

For each participant, a general linear model (GLM) was used to estimate a parameter for each of the three conditions (Action Observation, Action Execution, and Control). We used REML estimation methods to account for the temporal autocorrelation in the time series. Each condition of interest was modeled using AFNI's duration modulated block function with each block beginning after the instruction cue and ending at the end of the last trial of the block. Blocks were approximately 23 s and contained 5 trials of the same condition. In addition to the regressors for each condition, we included nuisance regressors in the model including polynomial trends to detrend the time series as well as twelve motion regressors (i.e., roll, pitch, yaw, x, y, z and their derivatives) to model the residual effects of motion. Contrasts were estimated for each effect of interest (i.e., Action Observation vs. Control and Action Execution vs. Control).

The coefficients and *t*-values for each contrast were brought to second-level analyses using mixed effect models (3dMEMA; ([@bib0035]). We estimated the effect of each condition for each node for children and adults separately. To correct for multiple comparisons, we used Monte Carlo simulations on the cortical surface to estimate the minimum cluster size. Specifically, noise was generated within the functional volume and then mapped to the surface and smoothed to reach the target smoothness. Simulations were then run on these smoothed surface data. Using a voxel threshold of *p* \<  0.005, this approach suggested that a minimum cluster size of 88 mm^2^ on the surface maintained an overall alpha \< .05. All results discussed used this cluster correction. However, we also present two additional analyses. First, we indicate in [Table 1](#tbl0005){ref-type="table"} regions that also survive when using a more stringent cluster correction (voxel threshold of *p* \<  .001 and cluster size \> 55 mm^2^). Second, estimating spatial autocorrelations when volumetric data are projected to and smoothed on the surface is a complicated problem and to our knowledge no cluster-correction method currently exists to account for this. Thus, we also performed the same analyses in the volume, in which we account for the spatial autocorrelation when estimating the minimum cluster size. Results from these analyses were similar to the one presented on the surface (see Supplementary Data for details).Table 1Differences in activation between children and adults for Action Execution and Action Observation.Table 1RegionH\# nodesArea (mm^2^)Peak nodexyz*t*-value**Action Execution \> Control**Children \> Adults1Parahippocampal gyrus /Medial temporal\*LH199287.596958−33−31−8−5.78Adults \> Children2Postcentral sulcus and gyrusRH102133.081853222−40723.73  **Action Observation \> Control**Adults \> Children1Middle occipital gyrus/Lunate sulcus/Occipital Pole\*LH87437.5529887−13−9624.882Intraparietal sulcus/Superior occipital gyrus and sulcus\*LH114277.8921231−22−76333.583Lateral occipito-temporal sulcus\*LH39192.7031540−36−74−14.974Temporo-occipital incisureLH38143.8131828−44−67−33.215Postcentral sulcusLH3892.2422859−38−34404.986Middle occipital gyrus/Superior occipital gyrus\*RH28135.402975624−9965.937Middle occipital gyrusRH27122.573022544−75153.818Middle occipital sulcus and lunate sulcusRH25104.222975124−9124.00[^1]

In order to identify the MNS at the group-level, we performed a conjunction analysis to determine the neural regions that were significantly active (*p* \<  .05 corrected) during both Action Execution as well as Action Observation when each was independently contrasted to the Control condition ([@bib0150]). To further evaluate the development and function of the MNS, we examined individual differences in the extent of the concurrence of activation during Action Execution and Action Observation by performing a conjunction analysis across the whole brain at the individual level (*p* \< .005 uncorrected). To control for overall levels of activation, we used a ratio or the percentage of nodes displaying significant activation for both conditions (i.e., overlap) while adjusting for all the significant nodes across either condition. This was done by dividing the number of nodes displaying the conjunction by the total number of significantly active nodes (i.e., nodes active just for one or both conditions). We tested if the percentage of nodes displaying the conjunction was related to age, motor skills, and action representation ability by performing zero-order correlations. Moreover, in an exploratory analysis, we examined if the extent of the execution-observation overlap mediated the relation between age and either motor skills or action representation in a regression framework. Separate models were tested for each behavioral outcome (i.e., motor skills and action representation). We estimated the indirect effects of the MNS activation using the PROCESS macro for SPSS (Model 4) to determine the 95% bootstrap bias corrected confidence intervals ([@bib0110]).

3. Results {#sec0050}
==========

3.1. Neural correlates of action execution {#sec0055}
------------------------------------------

To determine which areas were active during action execution, we contrasted Action Execution with the Control condition for adults and children separately. As displayed in Table S1 and Fig. S2, for adults, we observed several large clusters that were more active during Action Execution compared to Control, encompassing the primary motor cortex, superior parietal, inferior parietal lobe (intraparietal sulcus and postcentral sulcus), superior precentral gyrus (dorsal premotor), inferior precentral gyrus (ventral premotor), and STS/inferior temporal. As illustrated in Table S1 and Fig. S2, children displayed a similar network of activation. Indeed only two clusters reached significance when evaluating differences in activation to Action Execution between children and adults. As shown in [Fig. 2](#fig0010){ref-type="fig"} and [Table 1](#tbl0005){ref-type="table"}, adults displayed significantly higher activity in the right superior parietal region (postcentral gyrus and sulcus). In contrast, children exhibited higher activity in the left medial temporal region (parahippocampal gyrus). These results held for the volume analysis (see Supplementary Data; Fig. S4).Fig. 2Developmental differences (Children vs. Adults) in activation for Action Execution and Action Observation.Fig. 2

3.2. Neural correlates of action observation {#sec0060}
--------------------------------------------

We investigated the active areas during Action Observation by contrasting this condition to the Control condition independently for children and adults. As depicted in Table S2 and Fig. S3, adults displayed widespread bilateral activation including superior parietal, inferior parietal lobe (intraparietal sulcus and postcentral sulcus), superior precentral gyrus (dorsal premotor), inferior precentral gyrus (ventral premotor), STS/inferior temporal, middle and inferior occipital gyrus and sulcus. Children displayed an analogous network of activation, except they did not display significant activation in inferior precentral gyrus (ventral premotor) and the left inferior parietal lobe cluster was divided into two clusters. When evaluating age-related differences by contrasting children and adults in Action Observation, adults displayed significantly higher activation in the left inferior parietal lobe (intraparietal sulcus and postcentral sulcus) and other visual areas in the occipital lobe ([Fig. 2](#fig0010){ref-type="fig"} and [Table 1](#tbl0005){ref-type="table"}). No clusters survived in which children displayed greater activation compared to adults. While these age-related differences were significant at a more stringent threshold on the surface ([Table 1](#tbl0005){ref-type="table"}), they were not present when using volumetric analyses (see Supplementary Data; Fig. S4).

3.3. Shared activation of action execution and action observation {#sec0065}
-----------------------------------------------------------------

In order to examine the MNS, we determined the neural regions that were significantly active during both Action Execution as well as Action Observation when each was contrasted to the Control condition. As displayed in [Fig. 3](#fig0015){ref-type="fig"}, the conjunction analyses in adults revealed that several areas displayed overlapping activation (i.e., activation during both conditions), including several areas previously identified as part of the MNS such as superior parietal, inferior parietal lobe (intraparietal sulcus and postcentral sulcus), superior precentral gyrus (dorsal premotor), inferior precentral gyrus (ventral premotor), and STS/inferior temporal. For children, the conjunction analyses revealed similar results. In order to quantify age differences in the overlap/conjunction, we examined if individual differences in the extent of the execution-observation overlap was related to age. Because the adult group contained an outlier (\> 3 SDs from the mean), we performed a nonparametric test, which is robust to outliers or non-normal distributions. As expected, a Mann-Whitney test revealed that adults displayed significantly more overlap in the individual-level conjunction analyses compared to children, Median~adults~ = 5.78; Median~children~ = 2.28; *U* = 313, *p* \<  .001 ([Fig. 4](#fig0020){ref-type="fig"}A). In the same vein, when examining age as a continuous measure within the child group, results revealed a similar relation with age such that older participants displayed a larger conjunction, although it was a non-significant trend ([Fig. 4](#fig0020){ref-type="fig"}B), *r*(19) = .41, *p* =  .064.Fig. 3Brain regions significantly active for Action Execution (blue), Action Observation (yellow), and the overlap, or conjunction, of the two (green).Fig. 3Fig. 4The four graphs show the percent of nodes displaying overlapping activation for execution and observation by (A) age group, (B) children's age in years, (C) children's motor skills, and (D) children's action representation ability.Fig. 4

Functional Significance of Shared Activation for Action Execution and Action Observation

Finally, to evaluate the functional role of the MNS, we examined if individual differences in the amount of overlap across conditions was related to children's motor skill and action representation ability. As hypothesized, results revealed that individuals who displayed more overlap across conditions (suggestive of increased mirror-like activity) had better motor skills ([Fig. 4](#fig0020){ref-type="fig"}C), *r*(19) = −.46, *p* =  .036, and action representation abilities ([Fig. 4](#fig0020){ref-type="fig"}D), *r*(19) = −.60, *p* =  .004.

Moreover, to further explore the role of the MNS, we evaluated whether the execution-observation overlap mediated the relations between age and either of the two behavioral measures (i.e., motor skills and action representation). This was done in two separate models by estimating the indirect effects of the execution-observation overlap in the relations between i) age and motor skills as well as ii) age and action representation. Indirect effects indicated the extent to which the overlap in action execution and action observation activity mediated the relations between age and the behavioral outcomes. For the relation between age and motor skills, *r*(19) = −.58, *p* =  .006, the execution-observation overlap did not mediate this relation as the indirect effect of the overlap was not significant, −1.1 (SE = 1.12), 95% CIs \[−4.45, 0.33\]). Indeed, when age was included in the same model, the relation between the extent of the overlap and motor skills was no longer significant, *b* = −1.12, *t*(18) = −1.33, *p* =  .200, while the relation between age and motor skills remained significant, *b* = −4.49, *t*(18) = −2.30, *p* =  .033. Although the relation between age and action representation was not significant, *r*(19) = −.19, *p* =  .412, the execution-observation overlap marginally mediated the relation between age and action representation as suggested by an indirect effect estimate of −2.72 (SE = 1.96), 95% CIs \[−7.77, 0.03\]. The relation between the extent of the execution-observation overlap and action representation remained significant when age was in the same model, *b* = −2.86, *t*(18) = −3.04, *p* =  .007; while the relation with age was not significant, *b* = 0.73, *t*(18) = 0.34, *p* =  .740.

4. Discussion {#sec0070}
=============

Despite considerable research on the MNS in adults, little is known about its development, location, and functional significance in childhood. In the current study, we utilized a novel task to investigate the neural regions involved in both action execution and action observation as well as their overlap in children, as a way to examine MNS activity. Moreover, we evaluated age-related differences in brain activation by comparing children and adults. Finally, we examined the functional significance of overlapping observation-execution activation in childhood by relating the extent of the execution-observation overlap to motor and action representation abilities.

4.1. Neural correlates of action observation and action execution {#sec0075}
-----------------------------------------------------------------

In line with previous studies examining the brain regions involved in action observation and/or action execution in children ([@bib0005]; [@bib0155]; [@bib0180], [@bib0175]; [@bib0230], [@bib0225]), children displayed similar activation as the "mature" activation maps during Action Observation and Execution. Although activation maps were highly similar for children and adults, we did observe age-related differences during action execution and action observation. For Action Execution, adults, in contrast to children, displayed greater activation in the right superior parietal lobe. For Action Observation, adults displayed more activation compared to children within the occipital cortex and on the left inferior parietal lobe (intraparietal sulcus and postcentral sulcus), a region commonly involved in action execution. However, this parietal region, did not survive cluster correction on the supplementary volume analyses (see Supplementary Data). As such, we caution against strong interpretations of age-related differences in this region. In sum, these findings suggest that the activation maps for action execution and action observation are largely similar for children and adults. However, despite gross similarities in activation between children and adults, some brain regions did exhibit differences in activation ([Table 1](#tbl0005){ref-type="table"}), suggesting potential developmental changes between middle childhood and adulthood.

4.2. Shared activation of action execution and action observation {#sec0080}
-----------------------------------------------------------------

Identifying age-related differences (and similarities) in Action Execution and Action Observation conditions, however, does not speak directly to age-related change in the extent of shared neural processing of action execution and observation. Importantly, because the current study was able to identify "Action Observation" regions that were also involved during Action Execution, we could probe development of overlapping activation between conditions. To identify shared activation between execution and observation, we performed conjunction analyses between conditions of Action Observation and Execution -- both at the group level and within individuals. Similar to the activation results, children and adults displayed similar regions of overlap. Across children and adults, the areas displaying overlap across execution and observation have been identified as part of the MNS in previous fMRI studies, including superior parietal, inferior parietal lobe (intraparietal sulcus and postcentral sulcus), superior precentral gyrus (dorsal premotor), inferior precentral gyrus (ventral premotor), and STS/inferior temporal ([@bib0140]). Somewhat surprisingly, we also found overlap across conditions for temporal-occipital regions. Although not traditionally considered as part of the MNS, several studies have also found overlap in activation during observation and execution of actions in areas involved in processing visual information ([@bib0030]; [@bib0140]), suggesting further integration between the action observation network and the MNS. While the group conjunction results only allow for a qualitative comparison between groups, the individual-level conjunction analyses showed that the extent of the execution-observation overlap was significantly smaller for children compared to adults. This finding is in line with the developmental literature examining the MNS using EEG, where age-related increases in mu-rhythm desynchronization are also observed ([@bib0025]; [@bib0210]).

4.3. Functional significance of shared activation for action execution and action observation {#sec0085}
---------------------------------------------------------------------------------------------

In the current study, we also found evidence for the functional significance of the MNS--insofar as this system is indexed by overlapping activity in action-execution and action-observation conditions in our task. Specifically, the extent of the execution-observation overlap was related to behavioral assessments of children's motor skills and action representation abilities. These findings are in line with the mu-rhythm desynchronization literature, in which patterns of brain activity thought to index an underlying MNS are related to motor experience and/or motor skills as well as young children's ability to understand actions ([@bib0025]; [@bib0070]; [@bib0105]; [@bib0215]; [@bib0240]). Together, these findings suggest that the MNS may play a role in the ability to execute fine-motor actions as well as the capacity to represent and understand others' actions.

Intriguingly, when exploring the role of the MNS on the relations between age and motor skills and action representation, our findings suggest a possible dissociation between motor skills and action representation as related to MNS development. Although both motor skills and action representation ability were directly related to the execution-observation overlap, improvements in motor skills were better captured by age than the execution-observation overlap. These findings suggest that age (or other unmeasured factors correlated with age in this sample) may be a larger driver of fine motor skill development in middle childhood than potential neural mirroring processes. On the other hand, the relation between the execution-observation overlap and action representation was independent of age, likely reflecting individual differences due to other factors (e.g., social and cognitive abilities). Moreover, when exploring whether execution-observation overlap (our index of an underlying MNS) mediated the link between age and action representation, the marginally significant indirect effect suggests that the development of the MNS may be one process underlying age-related changes in action representation.

4.4. Limitations and future directions {#sec0090}
--------------------------------------

The findings of the current study should be considered in light of several limitations. The main limitation is the nature of the sample. The sample size is relatively small, especially for the correlation analyses within the children group. In addition, we employed a cross-sectional sample comparing children to adults to carry out a first fMRI examination of developmental differences in the MNS. Given the nature of the sample, the current findings should be considered as preliminary, but promising, evidence regarding the development of the MNS and its functional significance. Future studies should replicate these findings using a larger sample with an age-stratified longitudinal design, which would allow studying within-person change in a wide age range.

We used a novel experimental design to incorporate action execution within the scanner bore. However, a limitation of our approach is that there was a visual-tactile discrepancy for the Action Execution condition as participants had to maintain their visual attention on the screen while reaching for the objects. This added to the complexity of the task, requiring participants to learn to adapt to this discrepancy. This may have been especially challenging for younger participants. Moreover, in our experimental setup the accuracy and reaction time could not be recorded during the execution condition from the MRI-safe box and table setup. These issues are mitigated by the fact that the actions used in this study consisted of relatively simple actions that all participants could perform accurately. On the other hand, the simplicity of the actions may be a reason why we observed relatively few differences in activation between children and adults. It is possible that including more complex actions would enhance age differences in performance and activation.

Finally, although we tried to match our experimental conditions as closely as possible and attempted to control for visual shifts in attention across conditions, significant activation in the same areas across action execution and action observation could arise from other non-action-specific cognitive processes such as inhibition of irrelevant information, choice discrimination, and predictive coding. Future studies could include assessments of these domain-general covariates to further isolate brain activity and behavioral skills specific to the motor/action domain.

5. Conclusion {#sec0095}
=============

The current study investigates the development, location, and function of the MNS using a novel fMRI paradigm that examines both action execution and observation within the same child while controlling for visual attention. The findings suggest that both children and adults display a spatial overlap when performing actions and when observing the same action. This overlap implies "mirroring" processes, in which the same brain regions used to execute one's own action are engaged when perceiving others' actions. We found that the extent of this overlap increased with age, suggesting developmental changes in MNS across childhood to adulthood. Moreover, this overlap was related to motor and action representation abilities in childhood. The current data highlight the importance of examining the MNS from a developmental perspective, which can offer valuable insight into its function across development.

Conflicts of interest {#sec0100}
=====================

The authors declare no conflicts of interest.

Appendix A. Supplementary data {#sec0110}
==============================

The following is Supplementary data to this article:

This work was supported by the National Institutes of Health (P01HD064653 to NAF).

Three adult participants had 113 volumes per run because they were presented a slightly different (i.e., shorter) instruction cue (see below). However, the duration of the experimental stimuli was identical across participants.

Three adult participants were consistently presented with 2000 ms instructions. The rest of the participants were presented with instructions that varied from 2000--2500 ms.

Supplementary material related to this article can be found, in the online version, at doi:<https://doi.org/10.1016/j.dcn.2019.100655>.

[^1]: *Note*: Region names are based on the Freesurfer parcellation ([@bib0055]). x, y, z = MNI coordinates for the peak node within each cluster; *t*-values = *t*-value for the peak node. LH = Left hemisphere; RH = Right hemisphere. Clusters are thresholded at alpha \<0.05 (corrected; voxel threshold of *p* \<  .005 and cluster size \>88 mm^2^). \*Cluster also survives a more stringent threshold (voxel threshold of *p* \<  .001 and cluster size \>55 mm^2^).
